Structural disruption of gut microbiota and associated inflammation are considered important etiological factors in high fat diet (HFD)-induced metabolic syndrome (MS). Three candidate probiotic strains, Lactobacillus paracasei CNCM I-4270 (LC), L. rhamnosus I-3690 (LR) and Bifidobacterium animalis subsp. lactis I-2494 (BA), were individually administered to HFD-fed mice (10 8 cells day
Introduction
Humans are facing a devastating epidemic of metabolic syndrome (MS), symptoms of which include obesity, hyperglycemia, insulin resistance, hyperlipidemia and hypertension (Eckel et al., 2005) . Accumulating evidence suggests that dysbiosis of gut microbiota induced by a high fat/high calorie diet has a key role in the development of obesity, insulin resistance and other hallmarks of MS Turnbaugh et al., 2006) . Reduction in beneficial bacteria (for example, Bifidobacterium, butyrate-producing bacteria) and increases in pro-inflammatory/pathogenic bacteria (for example, Desulfovibrionaceae) are consistently associated with the development of obesity, adipose tissue and systemic inflammation and metabolic comorbidities in both humans (Qin et al., 2012; Vrieze et al., 2012) and rodents (Zhang et al., 2010) . Some species of gut bacteria are causally implicated in MS development. For example, the endotoxinproducing strain of Enterobacter cloacae B29 isolated from the gut of an obese human causes obesity in germ-free mice (Fei and Zhao, 2013) , while a mucin-degrading strain Akkermansia muciniphila reduces high fat diet (HFD)-induced obesity and comorbidities (Everard et al., 2013; Shin et al., 2014) . Taken together, these observations support the concept that targeting HFD-induced gut microbiota dysbiosis is an effective approach to obesity and MS therapy.
Probiotics are defined as 'live microorganisms that, when administered in adequate amounts, confer a health benefit on the host' (Araya et al., 2002) . Oral delivery of probiotic bacteria has been used as a gut microbiota-targeted strategy to combat MS (Delzenne et al., 2011) . A variety of beneficial strains, either individually or more often as cocktails, have been shown to alleviate obesity, insulin resistance and/or hepatic steatosis in HFD-fed rodents. These strains include Bifidobacterium spp. (Ma et al., 2008; Amar et al., 2011; An et al., 2011; Chen et al., 2012; Xu et al., 2012) , Lactobacillus spp. (Lee et al., 2006; Ma et al., 2008; Aronsson et al., 2010; Xu et al., 2012; Kim et al., 2013; Park et al., 2013b; Yoo et al., 2013) , Streptococcus thermophilus (Ma et al., 2008) and Pediococcus pentosaceus (Zhao et al., 2012) , as well as the gut commensals, Bacteroides uniformis (Gauffin Cano et al., 2012) and Akkermansia muciniphila (Everard et al., 2013; Shin et al., 2014) . Importantly, different probiotic strains have been shown to have dramatically different capacities to modulate metabolic phenotypes (Yin et al., 2010; Fak and Backhed, 2012; Million et al., 2012) . Despite these advances, the effects of different probiotics on gut microbiota composition and the relationship between these modulating effects and improvements in host metabolic health is poorly understood.
Most published studies of probiotics in subjects with MS have used culture-based or targeted molecular analyses (for example, quantitative PCR, microarray) to evaluate a limited number of gut microbiota components (for example, Bifidobacterium and Lactobacillus) Chen et al., 2011; Xu et al., 2012; Everard et al., 2013) . These studies provide an incomplete profile of probioticinduced alterations in the microbiota, because bacteria that cannot be cultured or those that share low homology with the specific probes/primers utilized remain unidentified. Recently, using 454 pyrosequencing, Clarke et al. (2013) assessed familylevel changes of gut microbiota induced by a bacteriocin-producing probiotic strain L. salivarius UCC118 in HFD-fed mice. However, different bacterial species in the same family or even genus may have contrasting responses to the same intervention (Zhang et al., 2010 (Zhang et al., , 2012b , and it is therefore necessary to investigate the modulating effect of probiotics on the gut microbiota at the species level. Another study by Park et al. (2013b) profiled the gut microbiota of HFD-fed mice in response to a probiotic cocktail of L.plantarum KY1032 and L. curvatus HY7601 by using 454 pyrosequencing and univariate statistical approach. The probiotic cocktail ameliorated MS symptoms while increasing gut Lactobacillus and Bifidobacterium and decreasing Clostridiaceae, Akkermansia and Escherichia coli. Although the two probiotic strains they used showed different capacity in improving lipid metabolism and systemic inflammation when administered individually (Yoo et al., 2013) , the effect of each strain on gut microbiota was not assessed separately. Furthermore, it is not clear whether these changed individual bacterial phylotypes were correlated with improvements in MS parameters or not.
The present study elucidates and compares the effects of three individual probiotic strains on host physiology and gut microbial community structure in mice with HFD-induced MS. Each of the three probiotic strains (Lactobacillus paracasei CNCM I-4270 (LC), L. rhamnosus CNCM I-3690 (LR), and Bifidobacterium animalis subsp. lactis CNCM I-2494 (BA)) attenuated weight gain, glucose intolerance and hepatic steatosis. However, the three strains differentially affected host inflammation and gut microbial fermentation. Moreover, although all probiotic strains partially reversed HFD-induced structural changes in the gut microbiota, each strain selectively altered a specific subset of key bacterial species that were significantly associated with one or more features of MS development or progression, and the strain-specific modulating effects of probiotics on these key bacterial phylotypes were partly reflected in strain-specific alleviation of obesity complications. Our results provide novel insight of the role of gut microbiota modulation in probioticdependent amelioration of MS.
Materials and methods

Animal trial
After 2 weeks acclimatization, 40 10-week-old male specific pathogen-free C57BL/6J mice were randomly divided into 5 treatment groups (8 mice per group). The eight mice in each group were housed in two cages (four per cage). One group of animals was fed normal chow (NC, containing 10% kcal from fat, 3.85 total kcal g À 1 , from Research Diets, Inc., New Brunswick, NJ, USA) as healthy controls, one group was fed HFD (containing 60% kcal from fat, 5.24 total kcal g À 1 , from Research Diets, Inc.) as model controls and received 200 ml de Man-Rogosa-Sharpe broth (OXOID, Basingstoke, UK) as placebo. The other three groups were maintained on HFD with administrations of 200 ml bacterial suspension of each of the three candidate probiotic strains, LC, LR and BA, in de Man-Rogosa-Sharpe broth by gavage at a dose of 10 8 cells day À 1 for 12 weeks. The strain LC was isolated from a vegetable product, and LR and BA were isolated from dairy products. The three strains were selected as probiotics because LC was shown to be anti-inflammatory in vitro (unpublished data), LR was anti-inflammatory in vitro, in a preclinical model of Citrobacter infection (Collins et al., 2014) and in a TNBS-induced colitis model (Grompone et al., 2012) , and a fermented milk product containing BA was shown to be anti-inflammatory in a murine model of colitis (Veiga et al., 2010) . Details of mouse husbandry and the preparation of bacterial suspensions are described in the Supplementary Materials and Methods. The compositions of the experimental diets are shown in Supplementary Table S1 .
Body weights and food intake were measured weekly. Stool samples were collected at baseline, second, sixth, eleventh and twelfth week. Serum, epididymal adipose tissue (eAT), liver and jejunum were collected, and oral glucose tolerance tests (OGTT) were conducted at the end of the twelfth week. Details of these procedures are provided in Supplementary Materials and Methods.
Enzyme-linked immunosorbent assay Enzyme-linked immunosorbent assay kits were used to determine the amount of fasting insulin (Mercodia, Uppsala, Sweden), lipopolysaccharide (LPS)-binding protein (LBP; Cell Sciences, Canton, MA, USA) and adiponectin (R&D Systems, Minneapolis, MN, USA) in serum according to the manufacturer's instructions.
Histomorphology and immunohistochemistry eAT and liver fixed in paraformaldehyde were embedded in paraffin, sectioned at 5 mm and processed as previously described (Strissel et al., 2007) . Hepatic steatosis, adipocyte size, crown-like structures (CLS) and macrophages-expressing matrix metalloproteinase-12 (MMP-12) in eAT were determined as described in the Supplementary Materials and Methods.
Quantification of host gene expression Total RNA was extracted from eAT, liver and jejunum of each of the 40 animals. For each mouse, transcript levels of GAPDH (glyceraldehyde-3-phosphate dehydrogenase), CD11c, tumor necrosis factor alpha (TNF-a), monocyte chemotactic protein-1, adiponectin and leptin in individual tissues were determined by real-time quantitative PCR as described in Supplementary Materials and Methods. Each qPCR reaction was performed in triplicate, and the expression level was determined as the mean value of the three replicas. Primers are listed in Supplementary Table S2. 454 pyrosequencing of fecal bacterial 16S rRNA gene V3 region Fecal genomic DNA extraction, amplification of 16S rRNA gene V3 region and pyrosequencing of PCR amplicons were performed as described previously (Zhang et al., 2010 (Zhang et al., , 2012b . PCR primers are listed in Supplementary Table S2 .
Bioinformatics and statistical analysis of 454 pyrosequencing data High-quality sequences were extracted, aligned in Greengenes (release 11_4) to remove sequences with o75% identity with Bacteria and then clustered using Cluster Database at High Identity with Tolerance (CD-HIT) to obtain representative unique sequences. Unique sequences were then subjected to RDP classifier to determine the phylogeny with a bootstrap cutoff of 50% (RDP database version 10.28). Operational taxonomic units (OTUs) were classified with Distance-Based OTU and Richness. Bacterial diversity was assessed with Rarefaction analysis and the Shannon diversity index. Principal component analysis (PCA) and weighted Fast UniFrac principal coordinate analysis (PCoA) based on OTUs were performed to provide an overview of gut microbial dynamics in response to HFD and probiotic treatments. Redundancy analysis models were constructed to identify OTUs that distinguished pairs of treatment groups. Details of these analyses are described in Supplementary Materials and Methods.
Cecal fermentation end products' measurement
The concentrations of the short-chain fatty acids, including acetate, propionate, butyrate and n-valerate, and branched chain fatty acids isobutyrate and isovalerate in the cecal content were determined using an Agilent 6890N gas chromatograph (Agilent Technologies, Wilmington, DE, USA; see Supplementary Materials and Methods).
Statistical analysis of physiological and biochemical data To test differences in physiological and biochemical values for statistical significance, normally distributed data were analyzed by analysis of variance followed by Tukey post hoc test (SPSS Inc., Chicago, IL, USA). Data that did not meet the assumptions of analysis of variance were analyzed by the Mann-Whitney test (MATLAB R2010a). Differences were considered significant when Po0.05.
Correlations between gut microbial composition (PCoA coordinate scores and OTU abundances) and individual host parameters of obesity, glucoseinsulin homeostasis and inflammation were identified using Spearman's correlation (MATLAB R2010a). Correlations between PCoA coordinates and host parameters were considered significant when Po0.05. False discovery rate control was used to account for multiple comparisons when evaluating correlations between OTUs and host parameters in Matlab software, and correlations were deemed significant at false discovery rateo0.25.
Results
Fecal recovery of the strains in the mouse intestine One important trait of probiotics is their ability to survive transit through the upper gastrointestinal tract. Accordingly, we determined fecal levels of each of the three probiotic strains using reverse transcription ( Thus each of the probiotic strains enhanced glucose-insulin homeostasis by attenuating HFDinduced hyperinsulinemia, hyperglycemia and glucose intolerance. All probiotic strains also protected against HFD-induced hepatic steatosis ( Figure 1g ), with LR and BA appearing more protective than LC, based on steatosis score ( Figure 1g ). Considered together, these results demonstrated the ability of the three probiotic strains to mitigate HFD-induced weight gain and ectopic fat deposition and to enhance glucose-insulin homeostasis.
Effects of probiotics on inflammation in eAT, liver and jejunum of HFD-fed mice Large increases in adipocyte size (hypertrophy) are associated with recruitment of inflammatory macrophages that express CD11c and MMP-12 and aggregate in inflammatory CLS' around moribund adipocytes (Cinti et al., 2005; Strissel et al., 2007; Shaul et al., 2010) . CLS frequency is a predictor of the severity of adipose inflammation and impaired glucose-insulin homeostasis (Strissel et al., 2007; Shaul et al., 2010) . In the present study, mean adipocyte size in eAT was increased 4250% by HFD feeding ( Figure Figure S4) . HFD significantly enhanced TNF-a expression in the liver (Figure 2h ) and jejunum ( Figure 2i ). As in eAT, BA reduced hepatic TNF-a expression to the level measured in the NC group, whereas reductions in TNF-a were not statistically significant in the LC and LR groups (Figure 2h ). TNF-a mRNA levels in the jejunum were not significantly reduced by any probiotic strain (Figure 2i ).
Taken together, these results indicate that the three probiotic strains significantly mitigated macrophage infiltration in eAT of HFD-fed mice and that BA more robustly attenuated eAT and hepatic TNF-a expression than either LC or LR.
Effects of probiotics on systemic inflammation in HFD-fed mice We measured circulating LBP (a marker of endotoxin load) and the anti-inflammatory adipokine adiponectin as indices of systemic inflammation (Engeli et al., 2003; Sun et al., 2010) . As expected, HFD feeding significantly increased serum LBP (Figure 2j ) and lowered serum adiponectin concentrations (corrected for body weight) (Figure 2k ). LBP levels of HFD-fed mice receiving probiotic strains LC or LR remained substantially elevated and significantly higher than those of mice fed NC. In contrast, LBP concentrations of HFD-fed mice receiving BA were attenuated to levels intermediate between the HFD and NC groups and were significantly lower than LBP levels in mice receiving probiotic strain LR (P ¼ 0.048) (Figure 2j ). Adiponectin levels (corrected for body weight) were increased in mice fed HFD þ BA vs mice fed HFD alone (P ¼ 0.059) but were not significantly increased in HFD-fed mice receiving either LC or LR strains (Figure 2k ). These results suggest that BA more effectively attenuated endotoxin load and systemic inflammation than LC and LR. 
Probiotics modulate MS-associated gut bacteria J Wang et al
Overall structural changes of the gut microbiota in response to HFD and probiotic intervention To profile the effects of diet and probiotics on microbiota structure, we performed 454 pyrosequencing of bacterial 16S rRNA gene V3 region for 80 fecal samples collected from 40 mice at baseline and after 12 weeks. The quality of the 454 run (containing totally 148 samples) that included the 80 fecal samples from our study is shown in Supplementary  Table S3 . A total of 301 568 usable raw reads were obtained. On average, each fecal sample provided 3770±677 reads (Supplementary Figure S5) . A total of 20 785 unique sequences (accounting for 99.9% of usable raw reads) were generated with NAST alignment and CD-HIT clustering and were then binned into OTUs at 98% similarity level, because Probiotics modulate MS-associated gut bacteria J Wang et al higher thresholds generated a dramatic increase of OTU numbers, which might represent the microdiversity at the subspecies level (Supplementary Figure S5b) , and 2794 OTUs were obtained. At this sequencing depth, rarefaction curves did not plateau (Supplementary Figure S6a) , but Shannon diversity indices for all samples were stable (Supplementary Figure S6b) . This suggested that although rare new phylotypes would still appear upon further sequencing, most diversity had already been covered. RDP classifier assigned 98.2% of usable raw reads to 18 different phyla (data not shown). The most abundant phyla included Bacteroidetes (47.4% of usable raw reads), Firmicutes (41.4% of usable raw reads), Proteobacteria (6.4% of usable raw reads), Verrucomicrobia (1.2% of usable raw reads) and Actinobacteria (0.8% of usable raw reads). Twelve weeks of HFD feeding induced widespread changes in gut microbial community structure at the phylum level, with abundances of Firmicutes and Proteobacteria increased and abundances of Bacteroidetes and Actinobacteria decreased (Supplementary Figures S7, S8a, b, d and e) . The ratio of Firmicutes to Bacteroidetes was increased upon HFD, and no probiotic strain attenuated this increase (Supplementary Figure S8c) . However, LR (but neither BA nor LC) mitigated the HFD-induced increase in Proteobacteria and decrease in Actinobacteria ( Supplementary Figures S8d and e) .
PCA based on OTU abundance was performed to provide an overview of the gut microbiota composition of five animal groups at the baseline and at the end of the trial. Plotted PCA scores indicated no detectable difference in microbiota composition among groups before the intervention (Supplementary Figure S9) . PC1, accounting for 24.3% of total variance, predominantly reflected age-related changes in gut microbiota composition, as PC1 clearly separated samples obtained at baseline from those obtained at week 12. PC2, accounting for 18.4% of total variance, separated the NC group from the four HFD-fed groups at week 12, indicating that PC2 reflects the effect of diet (Supplementary Figure S9) .
Weighted UniFrac PCoA was then performed on the OTU abundance matrix obtained from the five animal groups at week 12. The PCoA scores clearly separated the HFD group from the NC group with the three probiotic-treated groups distributed in between (Figure 3a) . Multivariate analysis of variance derived from PCoA scores confirmed a statistically significant separation between the microbiota of NC-and HFD-fed mice and between the HFD microbiota and the microbiota of the three HFD þ probiotic groups (Figure 3b ). Thus each of the three probiotic strains shifted the overall structure of the HFD-disrupted gut microbiota toward that of lean mice fed a NC diet.
Correlation between overall microbiota structure and host MS parameters We next used Spearman's correlation analysis to determine associations between MS parameters and overall microbiota composition represented by the PCoA coordinates (Table 1) . Compositional changes of the gut microbiota along PC1 were significantly associated with obesity (weight gain), glucoseinsulin homeostasis (areas under the curve of OGTT, fasting blood glucose, fasting insulin, HOMA-IR) and inflammation (serum LBP, serum adiponectin corrected for body weight, eAT CLS, eAT TNF-a mRNA). In addition, gut microbiota changes along PC2 were significantly correlated with liver TNF-a mRNA. Figure 3 Probiotics changed overall structure of gut microbiota. (a) Weighted UniFrac PCoA plot based on OTU abundance. Each point represents the fecal microbiota of a mouse. One mouse from group HFD þ LR was detected as an outlier owing to the predominance of OTUs belonging to Erysipelotrichaceae (50.6% of the total bacteria, data not shown) and was thus excluded from the analysis. (b) Clustering of gut microbiota based on mahalanobis distances between different groups calculated with multivariate analysis of variance test, **Po0.01.
Strain-specific modulating effects of probiotic intervention on gut microbiota Redundancy analysis models were constructed to identify specific bacterial phylotypes whose abundance was changed by HFD feeding (HFD group vs NC group) and by probiotic treatment (HFD group vs each HFD þ probiotic group). Gut microbiota was significantly different between the HFD group and each of the other four groups (P ¼ 0.002 for all models, Supplementary Figures S10a-d ). Specific differences in composition were revealed along the canonical axis, which explained 21.3% (HFD vs NC group), 11.5% (HFD vs HFD þ LC group), 11.9% (HFD vs HFD þ LR group) and 9.6% (HFD vs HFD þ BA group) of the variance in OTU abundance, respectively ( Supplementary Figures S10a-d) .
In all, HFD feeding altered the abundance of 118 OTUs (Supplementary Figure S10a) . Supplementation with LC, LR and BA enhanced or reduced the abundance of 42, 44 and 32 OTUs, respectively (Supplementary Figures S10b-d) , resulting in changes in 83 different OTUs (Figure 4a ). OTUs that were changed in abundance by at least two probiotic strains were altered in the same direction (that is, increased or decreased; Figure 4b ). Notably, probiotic strains reversed changes in 31 (of 118) OTUs that were altered by HFD (Figure 4b) . However, we note that the three probiotic strains altered the abundances of different sets of OTUs (Figure 4 , Supplementary Figure S11 , Supplementary Table  S4 ). Among the 83 OTUs changed by probiotics, only 9 OTUs were altered by all the three strains, 17 OTUs were altered by two probiotics and 24, 21 and 12 OTUs (totally 57 OTUs) were uniquely altered by LC, LR, and BA, respectively (Supplementary Figure  S11, Figure 4) . Thus the preponderance of the OTUs was altered by probiotics in a strain-specific manner.
Correlation between 83 OTUs changed by probiotics and host MS phenotypes Our next goal was to identify specific gut bacteria that potentially mediate the salutary effects of the probiotic strains on HFD-induced MS. Spearman's correlation analysis was performed between the 83 OTUs that were changed by probiotics and specific MS parameters in all the groups of mice. In total, 49 OTUs (herein designated 'key' OTUs) were significantly correlated with at least one MS parameter. Thirty-four of these key OTUs were correlated with decreased adiponectin and increased weight, inflammation and/or metabolic dysregulation, and thus they were positively correlated with MS disease phenotypes. Fifteen key OTUs were correlated with increased adiponectin and reduced adiposity, inflammation and/or metabolic dysregulation, and thus they were negatively correlated with MS disease phenotypes (Figures 5a and b) . Thirty of the 31 OTUs whose abundances were altered by HFD and reversed by probiotics were among the 49 key OTUs (Figure 5 ; see also Figure 4 ).
Notably, 13 of the 15 OTUs that were negatively correlated with MS disease phenotypes were enriched by at least one probiotic strain ( Figures  5a and b) , including bacteria belonging to Bifidobacterium, Olsenella, Barnesiella, Allobaculum, Butyrivibrio, unclassified Lachnospiraceae and (Figures 5a and b) , including representatives from Alistipes, Desulfovibrionaceae, Oscillibacter, Clostridium XIVb, Dorea and Clostridium XIVa. Consistent with the strain-specific effects of the three probiotics on OTU abundances (Supplementary Figure S11, Figure 4) , the 49 key bacterial phylotypes were differentially represented among the three probiotic-treated animal groups (Figure 5c ). Only 5 OTUs were commonly changed by all three probiotics, whereas 31 of the 49 OTUs (13 by LC, 12 by LR and 6 by BA) were changed by just one individual probiotic strain (Figure 5c ). LC and LR increased four and six OTUs affiliated to Barnesiella, respectively, and BA only enhanced two Barnesiella OTUs. Only BA (not LC or LR) increased the abundance of bacteria from Bifidobacterium (B. animalis, data not shown).
Effects of probiotics on cecal end products of fermentation We measured cecal concentrations of the shortchain fatty acids (acetate, propionate, butyrate, The changing direction of the 83 OTUs by probiotics according to RDA. Circles and dots indicate the abundance of OTUs that were more and less abundant, respectively, in probiotics groups and NC group relative to HFD group. The taxonomy of the OTUs (genus, family and phylum) is depicted on the right. Asterisk (*) represents the OTU whose abundance was changed by HFD and then the change was reversed by probiotics.
Probiotics modulate MS-associated gut bacteria J Wang et al valerate) and the branched chain fatty acids (isobutyrate and isovalerate). HFD significantly decreased concentrations of acetate and butyrate as compared with NC (Figures 6a and c) . LC and LR administration significantly restored the concentration of acetate in mice fed HFD, whereas BA did not Probiotics modulate MS-associated gut bacteria J Wang et al (Figure 6a ). The probiotic supplementation did not alter fecal concentrations of propionate, butyrate, valerate, isobutyrate or isovalerate (Figures 6b-f ).
Discussion
Although probiotics are regarded as a gut microbiota-targeted strategy to combat MS, the potential role of gut microbiota modulation in probiotic-dependent amelioration of MS is not clearly understood. The new findings of our study compared with previous related studies are:
(1) Not all the gut bacteria changed by probiotics were relevant to the probiotic-mediated improvement of MS; only those that were significantly correlated with disease phenotypes were identified as functionally relevant phylotypes, among which probiotics enriched phylotypes negatively correlated with disease phenotypes and reduced phylotypes positively correlated with disease phenotypes; (2) The strain-specific modulating effects of Lactobacillus and Bifidobacterium probiotics on Figure 6 Probiotics LC and LR elevated the concentrations of acetate in cecal content. (a-f) Levels of acetate (a), propionate (b), butyrate (c), valerate (d), isobutyrate (e) and isovalerate (f). In the box plot, the bottom and top are, respectively, the 25th and 75th percentile, a line within the box marks the median and a circle in the box shows the mean. Whiskers above and below the box indicate 1.5 interquartile range of the lower and upper quartile, respectively, and samples beyond are regarded as outliers. *Po0.05 by Mann-Whitney test. functionally relevant phylotypes were reflected in differential attenuating impacts of these strains on obesity comorbidities. In this study, three probiotic strains were tested individually for their capacity to reduce HFDinduced MS. All strains significantly attenuated HFD-induced weight gain, improved glucoseinsulin homeostasis and reduced hepatic steatosis, consistent with other studies of Lactobacillus and Bifidobacterium probiotic strains tested individually or as cocktails (Lee et al., 2006; Ma et al., 2008; Aronsson et al., 2010; Amar et al., 2011; An et al., 2011; Chen et al., 2012; Kim et al., 2013; Park et al., 2013b) . We additionally demonstrate that each of the three probiotic strains significantly reduced the infiltration of pro-inflammatory (CD11c þ , MMP-12 þ ) macrophages into adipose tissue and the formation of CLS. Macrophage infiltration is an underlying cause of chronic adipose inflammation, insulin resistance and other obesity complications (Kanety et al., 1995; Aguirre et al., 2002; Weisberg et al., 2003; Xu et al., 2003; Strissel et al., 2007; Cani et al., 2008) . Moreover, reduced numbers of adipose tissue macrophages is a common feature of interventions that attenuate insulin resistance and other obesity complications (Xu et al., 2003; Cancello et al., 2005; Cani et al., 2008) . Reducing macrophage infiltration into adipose tissue is therefore one potential mechanism by which probiotics protected HFD-fed mice in the present study. Reductions in macrophage infiltration are consistent with the probiotic-associated reductions in adipocyte size that we observed but may also reflect modulation of gut microbiota, resulting in reduced systemic levels of gut-derived LPS (Caesar et al., 2012) and/or increased gut-derived acetate (Carvalho et al., 2012) .
Many environmental perturbations can cause compositional changes of gut microbiota. Indeed, unsupervised multivariate analysis revealed that each of the three probiotic strains induced significant changes in overall gut microbiota structure that partially ameliorated HFD-induced structural dysbiosis. These overall structural changes of gut microbiota (PCs of the UniFrac plot) were correlated with MS parameters in our model. Previous studies showed that different bacterial species in the same genus may respond differentially to the same environmental stressor such as change of diet from high fat to NC (Zhang et al., 2010 (Zhang et al., , 2012a . It is thus important to identify changes of species-level phylotypes in response to probiotic treatment. Park's multi-Lactobacillus-strain cocktail enriched 14 and reduced 8 species-level OTUs (Park et al., 2013b) , while our three individual probiotic strains increased 48 and decreased 35 species-level OTUs in total. However, studies have also shown that not all compositional changes induced by an external stressor matter for host health (Robinson et al., 2010) . For example, in HFD-fed mice (Cani et al., 2007) , the supplementation of oligofructose attenuated endotoxemia, obesity and diabetes and significantly enriched Bifidobacterium spp., Eubacterium rectale-Clostridium coccoides group and decreased Enterobacteriaceae, but only Bifidobacterium spp. was significantly and negatively correlated with plasma endotoxin level in Pearson's correlation analysis and thus was considered as a main gut bacterial group mediating the beneficial effects of the prebiotic treatment; in another study on obese women ingesting inulin-type fructans (Dewulf et al., 2013) , correlation analysis between the bacterial groups modified by the prebiotic treatment and host physiological parameters identified Bifidobacterium, Faecalibacterium prausnitzii, Bacteroides intestinalis, B. vulgatus and Propionibacterium as potentially important players in the modulation of host metabolism. In the present study, we applied correlation analysis to further identify phylotypes whose abundances were not only changed by the probiotic treatments but also correlated with at least one host metabolic parameter. Indeed, the results showed that not all but only 49 out of the 83 altered OTUs were significantly correlated with one or more host metabolic indexes.
Among the 49 key phylotypes, 15 and 34 were negatively and positively, respectively, correlated with MS phenotypes (decreased adiponectin and increased weight, inflammation and/or metabolic dysregulation). The key phylotypes that were negatively correlated with MS phenotypes may include potentially beneficial bacteria, and the majority of them (13 out of 15) were increased by at least one of the three probiotic strains. Meanwhile, those key phylotypes that were positively correlated with MS phenotypes may consist of potentially harmful bacteria, and they were, for the most part (26 out of the 34), decreased. For example, the probiotic strains enriched one or more key phylotypes of Bifidobacterium, Olsenella, Barnesiella, Allobaculum and Butyrivibrio that were previously associated with alleviated MS or were shown to prevent dextran sulfate sodium-induced inflammation (Ohkawara et al., 2006; Zhang et al., 2010 Zhang et al., , 2012b Le Roy et al., 2012) . Conversely, probiotic treatment reduced key phylotypes within Desulfovibrionaceae, Oscillibacter and Clostridium XIVa that were implicated in the development of obesity-related metabolic disorders (Zhang et al., 2010; Lam et al., 2012) or include pro-inflammatory bacterial species (Tuovinen et al., 2013) . Thus, these key OTUs were designated as 'functionally relevant phylotypes' as they may mediate the beneficial effects of the probiotics on the host. Our study is therefore distinguished from previous studies in which associations between individual probioticmodulated OTUs and improvements in MS were not determined (Park et al., 2013b) .
Moreover, in contrast to studies using a single probiotic strain or a multiple-strain probiotic cocktail, we associate different patterns of probioticinduced gut microbiota alteration with different impacts on MS pathophysiology. In the present study, each of our three probiotic strains altered a distinct set of functionally relevant gut bacterial phylotypes and also exerted strain-specific alleviation of obesity complications. For example, compared with BA, strains LC and LR increased more phylotypes belonging to Barnesiella, some species of which have been reported to produce acetate (Sakamoto et al., 2007) . Indeed, LC and LR (but not BA) elevated acetate production in HFD-fed mice, thereby reversing HFD-induced disruption of gut microbial fermentation. Acetate has been shown to suppress body fat accumulation and inflammation in obese or diabetic rodents by multiple mechanisms (Sakakibara et al., 2006; Yamashita et al., 2007; Kondo et al., 2009; Carvalho et al., 2012) . Note also that only BA increased Bifidobacterium animalis, subspecies of which reduced inflammation in vitro or in mice with colitis (Roselli et al., 2006; Veiga et al., 2010) . In the present study, BA (but neither LC nor LR) significantly reduced adipose and hepatic TNF-a gene expression and tended to lower circulating LPS load (serum LBP concentration). Together, these observations exemplify how strain-specific modulating effects of probiotics on key gut bacterial phylotypes can be reflected in strain-specific impacts on obesity complications.
The approach used in the present study forms the basis of a discovery pipeline for identifying new probiotics from endogenous gut bacterial species. Specifically, each of the 13 key bacterial phylotypes that were both increased by probiotics and negatively correlated with MS disease parameters will be isolated with a sequence-guided isolation scheme (Fei and Zhao, 2013) and then inoculated into animal models of MS. Bacteria that are cultivable and that attenuate obesity and related disorders in animal models will be considered potential probiotics. The feasibility of this strategy was very recently demonstrated in studies with the endogenous murine commensal A. muciniphila. After its identification as a positive correlate of prebiotic-and pharmacologicinduced improvements in obesity and diabetes, A. muciniphila was administered orally to mice and shown to improve MS symptomology, including excessive fat accumulation, adipose tissue inflammation and glucose intolerance (Everard et al., 2011 (Everard et al., , 2013 Shin et al., 2014) . Yoo et al. (2013) showed that multiple-strain probiotics were more effective than each of the constituent single-strain probiotics because of the synergistic effects on host health, therefore, it can be inferred that the combination of probiotic strains with complementary effects on gut microbiota and host health would comprehensively improve different symptoms of metabolic syndrome and thus generate optimal synergistic efficacy. Here, our Lactobacillus and Bifidobacterium strains differentially affected host inflammation, gut microbial fermentation and gut microbiota composition; as a result, we hypothesize that multi-strain probiotics consisting of both our Lactobacillus and Bifidobacterium strains would be more effective than probiotics with only Lactobacillus strains. In the future, it would be interesting to compare the effects of different probiotic combinations on MS to formulate multi-strain probiotics with optimum efficacy based on their complementary impacts on gut microbiota and to test the formula at different cellular densities to determine the optimal dosage (Park et al., 2013a) .
In conclusion, we demonstrate the utility of two Lactobacillus and one Bifidobacterium strains to individually attenuate HFD-induced obesity, inflammation and MS in mice. One or more probiotic strains beneficially altered the abundance of most 'functionally relevant' gut bacterial phylotypes that were associated with MS parameters. Most functionally relevant phylotypes were selectively altered by only one probiotic strain, suggesting that the strain-specific salutary effects on MS pathophysiology partially reflect strain-specific impacts on functionally relevant phylotypes. Although translation of these findings to clinical populations remains a significant challenge, 'gut microbiotatargeted' probiotic intervention strategies may become an important element in diet and lifestyle alterations aiming to prevent or attenuate obesity and related metabolic disorders.
